Introduction {#sec1}
============

The application of polyoxometalates (POMs) in science is already well established. A large number of research studies on their synthesis and application are published in numerous reviews.^[@ref1]−[@ref4]^ POMs are complex compounds consisting of metal oxide units of the general formula \[MO*~x~*\]*~y~* (with *x* = 4--7), where M represents early transition metals such as molybdenum (Mo) and tungsten (W), which are present in their highest oxidation state.^[@ref5]−[@ref7]^ POMs can also contain a multitude of heteroatoms to improve their chemical and thermal stabilities.^[@ref8]^ Due to the large number of already known POMs with different physical and chemical properties, as well as a wide variety of sizes, shapes, and structures, POMs are classified by different categories.^[@ref9],[@ref10]^ The first group describes the isopolyoxometalates (IPAs), which consist of metal oxide units of similar species.^[@ref7]^ The most common representative of this group are anions of the Lindqvist type. The composition and stoichiometry of Lindqvist-type POMs can be tuned on the molecular level to form structures with the formula \[M*~x~*M′~6--*x*~O~19~\]^*y*−^ (M = V, M′ = W, Mo), making it an ideal prototype cluster family with respect to synthetic accessibility and structural simplicity.^[@ref7],[@ref11]^ The second group describes the heteropolyoxometalates (HPAs), which contain one or more transition metal and a main group oxyanion, often phosphate or silicate.^[@ref7]^ Derivatives of the Keggin-type POMs with the molecular structure \[XM~12~O~40~\]^*n*−^ are by far best investigated. They contain a template of various coordinating anions, e.g., oxoanions, oxometalates, or halides, together with a framework metal being typically an early, high-valent transition metal. The whole framework structure has a typical size of 1--4 nm and contains typically 2--368 metal centers.^[@ref12]−[@ref14]^ The catalytic activity is mostly introduced by substituting some of the framework metals with heterometals from the s-, p-, d-, or f-block. For example, the substitution of molybdenum atoms in the structure \[PMo~12~O~40~\]~3~^--^ with easily reducible heterometals like vanadium, niobium, or tantalum results in shifting their reactivity from acidic to redox-dominance and compounds with the general empirical formula \[PV*~n~*Mo~12--*n*~O~40~\]^(3+*n*)--^.^[@ref15]−[@ref18]^ Depending on the degree of substitution *n*, heteropolyanions of this structure are abbreviated as HPA-*n*. Wells--Dawson (WD) POMs have the general formula \[X~2~M~18~O~62~\]^*n*−^ and consist of two trilacunary Keggin structures (XM~9~^*n*--^) linked in a corner-sharing manner. Removal of a metal oxide (e.g., tungstate oxide) unit leaves a free position for incorporation of a catalytic active metal, e.g., vanadium.^[@ref19],[@ref20]^ Their remarkable redox properties have found application in oxidation or hydrogenation of various organic compounds.^[@ref21]−[@ref23]^

POMs have a wide range of applications due to their diverse structures and high reactivity. The applications include more than just analytical chemistry and catalysis. POMs are used in biochemistry and medicine, as well as in geochemistry and material sciences.^[@ref5],[@ref24],[@ref25]^ Despite the fact that the POM research field is quite small compared to other research areas, the field continues to grow vibrantly in terms of new compounds, interesting structures, exploitation of physical properties, and catalysis.^[@ref26],[@ref27]^ Especially, the enormous multifunctionality of POMs results in various homogeneous and heterogeneous applications in catalysis.^[@ref28]−[@ref30]^

A very interesting field with respect to a more sustainable chemical industry is their use as highly selective catalysts in the conversion of biogenic raw materials.^[@ref31]^ Making use of the oxygen-rich character of the feedstock, it seems promising to convert biomass into valuable oxygen-containing bulk and fine chemicals.^[@ref32]^ Especially, the selective catalytic oxidation of biomass into carboxylic acids is of particular importance as the latter are widely used platform chemicals.^[@ref33]^ Due to the efforts made in the chemical industry to move away from fossil resources such as coal, gas, and oil toward sustainable organic resources, biomass is gaining increasing importance as the only regenerative carbon source.^[@ref34],[@ref35]^

One promising approach for the use of Keggin-type POMs as selective oxidation catalysts for the conversion of biomass to carboxylic acids is the OxFA process.^[@ref36]−[@ref38]^ The latter is mildly exothermic and operates under mild temperature conditions of typically below 100 °C using molecular oxygen or synthetic air as environmental benign oxidants. As water is used as a solvent, biomass of different origin, composition, and humidity can be applied without drying. By applying the OxFA process, a very broad range of biogenic raw materials can be converted into only two products that separate nicely into gas phase (carbon dioxide) and liquid phase (formic acid); its simplicity and robustness are clear advantages compared to other biomass valorization technologies.^[@ref39],[@ref40]^

Furthermore, Lindqvist-type isopolyoxometalates with the molecular structure K~2+*n*~\[V*~n~*W~6--*n*~O~19~\]^*n*−^ (also known as IPA-*n*) have also been studied as alternative catalysts for the selective oxidation of biomass to formic acid.^[@ref41]−[@ref43]^

Recently, HPA-*n* catalysts have also been found to catalyze the formation of lactic acid (LA) from glucose under nitrogen atmosphere and temperatures of 160 °C.^[@ref44]^ It could be shown that higher substituted heteropolyacids containing vanadium in its highest oxidation state are predominant for the glucose conversion to formic acid under aerobic conditions, whereas paramagnetic acid-bound vanadyl species seem to be predominantly responsible for LA formation from glucose under anaerobic conditions.^[@ref44]^ A similar effect was also observed by Tang et al.^[@ref45]^ using VOSO~4~ as a catalyst in aqueous solution. These investigations show that especially homogeneous V-containing catalysts are sensitive to the reaction atmosphere, pH level, and reaction temperature with respect to their catalytic activity.

In this contribution, we further expand our studies on the above-described effects of manipulating the composition of different vanadium-containing POM-based systems in aqueous solution and their catalytic activity by varying gas atmospheres, reaction temperatures, and pH levels. Hereby, we want to demonstrate the switchability of the catalytic activity of vanadium-containing POM catalysts in the conversion of several biogenic model substrates. Moreover, we focus not only on the oxidative conversion but also on heat-induced and acid-catalyzed reaction pathways under aerobic as well as anaerobic conditions. The main goal of these studies was to find the POM-based system with the most prominent switchable catalytic ability to produce several carboxylic acids in one single reactor setup by simply changing extensive state variables like reaction temperature or gas atmosphere from oxygen to nitrogen.

Results and Discussion {#sec2}
======================

Time-Resolved Experiments under Different Gas Atmospheres and Temperatures {#sec2.1}
--------------------------------------------------------------------------

To investigate the conversion pathways of glucose under both oxygen and nitrogen atmospheres using the Lindqvist-type POM K~5~\[V~3~W~3~O~19~\] from our previous studies^[@ref42],[@ref43]^ as a catalyst, we performed time-resolved experiments for each gas atmosphere separately. The experiments were carried out in a 10-fold screening plant with a batch-mode reactor setup consisting of ten 20 mL autoclaves. For each gas atmosphere, seven reactors were filled with 2 mmol of glucose, 0.167 mmol of catalyst (0.5 mmol of vanadium content), and 10 g of demineralized water as the solvent. The reactions were performed under 20 bar of oxygen or nitrogen pressure at 160 °C using a stirrer speed of 1000 rpm. After a certain reaction time, one reactor at a time was removed from the heating plate and rapidly cooled down in a water bath to stop the catalytic conversion. This procedure was done after reaction times of 0.25, 0.5, 0.75, 1, 3, and 5 h. Additionally, one sample was taken directly after the heating period and used as zero sample. Detailed results of all detected species are summarized in Supporting Information [Tables S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02430/suppl_file/ao0c02430_si_001.pdf).

The time-dependent liquid product distributions and the glucose conversions under both atmospheres (oxygen and nitrogen) are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. In addition, the yield of CO~2~ is only shown in the diagram for the conversion under oxygen atmosphere ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) as no CO~2~ was formed under nitrogen ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B).

![Time-dependent product distribution in the K~5~\[V~3~W~3~O~19~\]-catalyzed glucose conversion under (A) oxygen and (B) nitrogen atmospheres. Reaction conditions: 2 mmol of glucose, 0.167 mmol of K~5~\[V~3~W~3~O~19~\], 10 g of water as solvent, 160 °C reaction temperature, 20 bar pressure, 1000 rpm stirrer speed, 0--5 h reaction time.](ao0c02430_0001){#fig1}

Full glucose conversion (*X* \> 99%) could be achieved within 5 h reaction time under oxygen and 95% under nitrogen pressure.

Performing the experiments under oxygen atmosphere ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) primarily led to the formation of formic acid (FA), following a literature-known reaction pathway.^[@ref44],[@ref45]^ After initial heating, the yield of formic acid already reached 20%. Interestingly, the amount stayed almost constant during the first hour and decreased only slightly in the following with progressing reaction time due to thermal decomposition to CO (maximum yield of 1%) and water. Additionally, acetic acid (AA) was detected as the second main liquid product based on a reaction pathway described by Niu et al.^[@ref46]^ The yield of acetic acid increased with prolonging the reaction time up to 12% after 5 h. Moreover, a significant amount of CO~2~ (maximum yield of 35% after 5 h) was detected, resulting as a byproduct from competing noncatalyzed total glucose oxidation.

The different published reaction pathways for the conversion of glucose under oxidative atmosphere are compared in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}.^[@ref44]−[@ref48]^

![Different Reaction Pathways for the Oxidative Conversion of Glucose Based on the Literature](ao0c02430_0006){#sch1}

Generally, glucose or its isomer fructose can react in two ways under oxidative reaction conditions in aqueous solution. On the one hand, glucose can undergo an oxidative carbon--carbon bond cleavage catalyzed by redox-active V^5+^ in the POM structure to the shown intermediates glyceraldehyde, and its isomer dihydroxyacetone, glycolaldehyde, and glyoxale on the way to formic acid (right reaction pathway in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}), whereby up to 9% glyceraldehyde after initial heating and small amounts of dihydroxyacetone could be detected (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02430/suppl_file/ao0c02430_si_001.pdf)). Moreover, also up to 11% glycolaldehyde could be observed after 0.25 h reaction time. As expected, the yields of these intermediates decreased with increasing reaction time. However, glyoxal could not be detected with the analysis used. This is probably due to the fast conversion of the latter at the applied high temperatures. On the other hand, glucose can undergo acid-catalyzed dehydration to 5-hydroxymethylfurfural (HMF) and further on to levulinic acid (acid-catalyzed), furfural (heat-induced), or succinic acid (oxidative-catalyzed by V^5+^) on the way to acetic acid (left reaction pathway in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). However, only small amounts of levulinic acid and succinic acid (maximum yields of around 3%) could be detected in the reaction solution. Furfural could not be detected with the analysis used. Instead, in addition to the gaseous and liquid products, the formation of dark-colored and solid humins could be observed resulting from heat-induced HMF conversion.

Performing the experiments under a nitrogen atmosphere ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) led primarily to the formation of lactic acid with yields up to 17% after 1 h. Furthermore, the carboxylic acids formic acid (7%), acetic acid (7%), and levulinic acid (5%) were also formed in the reaction mixture. In addition, different reaction pathways for the conversion of glucose under a nitrogen atmosphere were already published for different catalytic systems.^[@ref44],[@ref45]^ The different reaction pathways for the conversion of glucose under reductive atmosphere are compared in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}.^[@ref44]−[@ref47]^

![Different Reaction Pathways for the Conversion of Glucose under Nitrogen Atmosphere Based on the Literature](ao0c02430_0007){#sch2}

Herewith, glucose or its isomer fructose can also react in two ways under reductive reaction conditions in aqueous solution. One possibility (left pathway in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}) is again acid-catalyzed dehydration to HMF, followed by either heat-induced conversion to furfural or acid-catalyzed reaction to levulinic and formic acid. The intermediate HMF could also be detected with yields up to 4% after 1 h in our reaction solution. Moreover, up to 5% levulinic acid and 7% formic acid could be observed. However, again no furfural could be detected by the applied analytics. Interestingly, also propionic acid was detected in small amounts (maximum yield of 3%). On the redox-catalyzed reaction pathway toward lactic acid (right pathway in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}), the intermediate glyceraldehyde was formed with yields up to 12% after initial heating of the reaction mixture. In the following, the yield decreased to around 7%, indicating its status as intermediate. Although the reaction was performed under a nitrogen atmosphere, small amounts of carbon dioxide (*Y*~CO~2~~ \< 3%) were also formed. This indicates that the system was not completely free of oxygen. In addition, the catalyst was present in the oxidized form at the beginning of the reaction. This also enabled the oxidative conversion of glucose. However, due to the lack of oxygen in the reaction atmosphere, the reoxidation of the catalyst could not take place afterward. Again, the formation of dark-colored and solid humins could be observed.

Analogous to the conversion under an oxygen atmosphere, the conversion of the substrate glucose reached 92% after already 1 h reaction time. For this reason, the following investigations were performed with a reaction time of 1 h.

To investigate the influence of temperature on the K~5~\[V~3~W~3~O~19~\]-catalyzed glucose conversion under oxygen and nitrogen, we performed additional experiments at 180 and 200 °C, respectively. The results of the temperature variation experiments are summarized in Supporting Information [Tables S3 and S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02430/suppl_file/ao0c02430_si_001.pdf). The temperature variation under oxygen atmosphere showed almost full conversion (*X* \> 96%) at all tested temperatures. With increasing temperature, the formic acid yield decreased from 20% at 160 °C to 10% at 200 °C, whereas the yield of CO~2~ increased from 16 to 23%, indicating a higher conversion of glucose by the noncatalyzed total oxidation. At the same time, the yield of acetic acid only slightly increased from 9% (160 °C) to 12% (200 °C). The temperature variation experiments under nitrogen atmosphere showed no influence of the reaction temperature on product yields. The yield of lactic acid reached a constant value of 17--18%. As an increased temperature led not to higher yields of formic acid (under oxygen) and lactic acid (under nitrogen), we performed the following experiments at 160 °C.

To identify the different vanadium species being present using the Lindqvist-type POM catalyst K~5~\[V~3~W~3~O~19~\] under both oxygen and nitrogen atmospheres, we performed ^51^V NMR measurements of the aqueous phase before and after reaction at 160 °C under oxygen and nitrogen, respectively. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} clearly shows that the \[V~3~W~3~O~19~\]^5--^ polyanion undergoes structural changes already after dissolution of the parent solid K~5~\[V~3~W~3~O~19~\] compound in water as well as during catalytic reaction. In the spectrum of the concentrated solution of K~5~\[V~3~W~3~O~19~\] in H~2~O/D~2~O (top), the significant peaks for \[V~2~W~4~O~19~\]^4--^ (−510.3 ppm (the largest peak) and −517.4 ppm) and \[V~3~W~3~O~19~\]^5--^ (−497.9 and −504.2 ppm) as well as the presence of different VO~3~^--^ species (around −575 ppm) are visible.^[@ref49]^ After 5 h reaction under oxygen atmosphere (middle), due to the decrease in pH of the reaction mixture (pH = 2.7 compared to 5.9 before reaction) and, as a result, the formation of many different V-containing species, the spectrum became more complex. The peak at −521.5 ppm can be assigned to *trans-*\[V~2~W~4~O~19~\]^4--^, and that at −527.5 ppm can be assigned to *cis*-\[HV~2~W~4~O~19~\]^3--^ and *trans-*\[HV~2~W~4~O~19~\]^3--^. The peaks in the range of −533 to −564 ppm can be attributed to various \[VO~2~(H~2~O)*~n~*\]^+^ species.^[@ref49],[@ref50]^

![^51^V NMR spectra of the catalyst K~5~\[V~3~W~3~O~19~\] before reaction (top) at pH = 5.9, after reaction under oxygen atmosphere (middle) at pH = 2.7, and after reaction under nitrogen atmosphere (bottom) at pH = 3.3.](ao0c02430_0002){#fig2}

After the reaction under nitrogen atmosphere (bottom), the ^51^V NMR spectrum changed completely. The increasing background noise results from paramagnetic V^4+^ species formed under reductive conditions.^[@ref44]^ Therefore, only a minor signal is visible in the spectrum, showing the presence of only traces from diamagnetic V^5+^ species.

Catalyst Variation {#sec2.2}
------------------

In the next set of experiments, we wanted to investigate the effect of different POM structures on the product composition. Therefore, we performed catalyst variation experiments accordingly to the time-resolved experiments under both gas atmospheres. Different POM catalysts from the subclasses Keggin, Lindqvist, and Wells--Dawson were selected for the screening experiments based on previous experimental studies. To guarantee comparability of the different catalysts, all selected POMs had a vanadium substitution degree of 3 and an equimolar amount of vanadium in their structure.

Three Lindqvist-type POMs (K~5~\[V~3~W~3~O~19~\], (NH~4~)~5~\[V~3~W~3~O~19~\], and H~5~\[V~3~W~3~O~19~\]) as well as the Keggin-type POM H~6~\[PV~3~Mo~9~O~40~\] and the Wells--Dawson-type POM K~8~H\[P~2~W~15~V~3~O~62~\] were used as catalysts for this study. Additionally, the commercial vanadium salts NH~4~VO~3~, NaVO~3~, and VOSO~4~ were tested for a comparison. The catalyst concentration was always kept constant regarding the amount of vanadium (0.5 mmol of vanadium content). The reactors were filled in addition with 2 mmol of glucose and 10 g of demineralized water as solvent. The reactions were performed under 20 bar of oxygen or nitrogen pressure at 160 °C using a stirrer speed of 1000 rpm. After the reaction time of 1 h, the reactors were removed from the heating plate and rapidly cooled down in a water bath.

The results of the catalyst variation experiments are presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Tables S5 and S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02430/suppl_file/ao0c02430_si_001.pdf) in the Supporting Information. For a better comparison, only the yields of the main products are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} (formic acid and acetic acid for the experiments under oxygen atmosphere as well as lactic acid and formic acid for the experiments under nitrogen atmosphere).

![Yield of the mainly produced acids of the catalyst variation experiments under oxygen atmosphere (A) and nitrogen atmosphere (B). Reaction conditions: 2 mmol of glucose, 0.5 mmol (vanadium content) of catalyst, 10 g of water as solvent, 160 °C reaction temperature, 20 bar oxygen pressure (left) or nitrogen pressure (right), 1000 rpm stirrer speed, 1 h reaction time.](ao0c02430_0003){#fig3}

The catalyst variation experiments under oxygen atmosphere ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A) demonstrated full glucose conversion after 1 h except for using the Wells--Dawson-type POM (*X* = 89%). Hereby, the Keggin-type POM catalyst H~6~\[PV~3~Mo~9~O~40~\] showed the highest activity with a formic acid yield of 36% and a glucose conversion of almost 100% after 1 h reaction time. Glucose oxidation with the three tested Lindqvist anions \[V~3~W~3~O~19~\]^5--^ with the different counter cations K^+^, NH~4~^+^, and H^+^ led to formic acid yields between 18 and 20%. This indicates that the counter cation does not influence the reaction mechanism under the applied reaction conditions. The Wells--Dawson-type POM K~8~H\[P~2~W~15~V~3~O~62~\] showed the second highest formic acid yield with 28%. In comparison, all selected POM catalysts showed a higher activity under oxygen atmosphere compared to the commercial vanadium salts, except for VOSO~4~ giving formic acid yields of 14% (NH~4~VO~3~), 16% (NaVO~3~), and 23% (VOSO~4~). It has to be noted that no other intermediates or side products could be detected with any of the catalysts used than described in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. Regarding different side products, using the protonated \[V~3~W~3~O~19~\]^5--^ POM catalyst resulted in the highest detected acetic acid yield of 12%. With respect to the CO~2~ yield, the Keggin-type POM led to the highest amounts of 28%. However, this catalyst was the most selective as only formic acid, CO~2~, acetic acid (8%), glyceraldehyde (4%), and CO (1%) could be detected after reaction. Very importantly, no solid residues could be observed using this catalyst compared to most of the other compounds used.

The catalyst screening under nitrogen atmosphere ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B) showed different results. With respect to lactic acid formation, the Lindqvist-type POM K~5~\[V~3~W~3~O~19~\] showed the highest activity with a lactic acid yield of 17% after 1 h reaction time. However, all other catalysts used achieved lactic acid yields between 10 and 15% at glucose conversions \>95%, except the Wells--Dawson-type POM with only 6% lactic acid yield at 31% conversion. Contrary to the results under oxygen atmosphere, the tested Keggin-type POM H~6~\[PV~3~Mo~9~O~40~\] only showed a lactic acid yield of 10% under the applied reaction conditions. Interestingly, all commercial vanadium salts gave high amounts of glycolaldehyde (14--18%) and thus low selectivities to lactic acid. VOSO~4~ also showed a high amount (15%) of HMF demonstrating its low selectivity to the desired vanadium-catalyzed reaction pathway. Moreover, again no other intermediates or side products could be detected with any of the catalysts used than described in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}.

Due to the different catalyst performances under oxygen and nitrogen atmospheres, we decided to continue the substrate variation in the following with the best catalyst system for each particular gas atmosphere. Specifically, we continued with the Keggin-type POM H~6~\[PV~3~Mo~9~O~40~\] for the investigations under oxygen atmosphere and the Lindqvist-type POM K~5~\[V~3~W~3~O~19~\] for the experiments under nitrogen atmosphere.

Substrate Variation {#sec2.3}
-------------------

In the next set of experiments, we wanted to identify a suitable model substrate to investigate whether the two selected POMs can be regarded as "switchable catalysts" by simply changing the reaction atmosphere in situ. Therefore, we performed the substrate variation experiments as well under both gas atmospheres in parallel. In addition to the already used substrate glucose (C~6~ sugar), the C~5~ sugar xylose was tested as well as the intermediates glyceraldehyde, dihydroxyacetone, glycolaldehyde, and glyoxal were detected.

The reactors were filled with 2 mmol of substrate, either the catalyst K~5~\[V~3~W~3~O~19~\] or H~6~\[PV~3~Mo~9~O~40~\] (0.5 mmol of vanadium content), and 10 g of demineralized water as solvent. For each substrate, a blank experiment (without catalyst) was performed as well. The reactions were carried out under 20 bar of nitrogen or oxygen pressure at 160 °C using a stirrer speed of 1000 rpm. After the reaction time of 1 h, the reactors were removed from the heating plate and rapidly cooled down in a water bath.

The yields of the main products formic acid (for the experiments under oxygen atmosphere) and lactic acid (for the experiments under nitrogen atmosphere) of the substrate variation experiments are presented in [Tables [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [2](#tbl2){ref-type="other"}.

###### Product Yields of the Substrate Variation Experiments under Oxygen Atmosphere Reaction Conditions: 2 mmol of Substrate, 0.5 mmol of (Vanadium Content) H~6~\[PV~3~Mo~9~O~40~\] Catalyst, 10 g of Water, 160 °C Reaction Temperature, 20 bar Oxygen Pressure, 1000 rpm Stirrer Speed, 1 h Reaction Time[a](#t1fn1){ref-type="table-fn"}

  entry   substrate          *Y*~FA~ (%)   *Y*~AA~ (%)   *Y*~glyceral~ (%)   *Y*~CO~2~~ (%)   *Y*~CO~ (%)   *X* (%)
  ------- ------------------ ------------- ------------- ------------------- ---------------- ------------- ---------
  1       glycose            36.0          7.9           3.9                 27.6             1.2           100
  2       xylose             39.5          7.7           0                   25.6             1.3           100
  3       glyceraldehyde     41.7          16.1          0                   22.5             2.4           100
  4       dihydroxyacetone   33.6          18.8          0                   20.9             1.0           100
  5       glycolaldehyde     35.1          0             0                   8.7              1.9           100
  6       glyoxal            29.0          0             0                   5.2              0             100

Abbreviations: formic acid (FA); acetic acid (AA); glyceraldehyde (glyceral).

###### Product Yields of the Substrate Variation Experiments under Nitrogen Atmosphere Reaction Conditions: 2 mmol of Substrate, 0.5 mmol of (Vanadium Content) K~5~\[V~3~W~3~O~19~\] Catalyst, 10 g of Water, 160 °C Reaction Temperature, 20 bar Nitrogen Pressure, 1000 rpm Stirrer Speed, 1 h Reaction Time[a](#t2fn1){ref-type="table-fn"}

  entry   substrate          *Y*~FA~ (%)   *Y*~AA~ (%)   *Y*~LA~ (%)   *Y*~HMF~ (%)   *Y*~LevA~ (%)   *Y*~glyceral~ (%)   *Y*~PA~ (%)   *Y*~glycolal~ (%)   *Y*~CO~2~~ (%)   *X* (%)
  ------- ------------------ ------------- ------------- ------------- -------------- --------------- ------------------- ------------- ------------------- ---------------- ---------
  1       glycose            7.5           7.2           17.3          3.7            3.2             8.1                 2.5           0                   2.0              90.5
  2       xylose             6.8           5.1           15.4          0.6            1.9             4.2                 1.0           0                   2.1              93.6
  3       glyceraldehyde     6.2           8.3           17.9          0.5            2.5             7.7                 2.4           0                   2.8              92.3
  4       dihydroxyacetone   4.9           9.3           17.6          0              3.2             6.2                 1.7           0                   3.4              100
  5       glycolaldehyde     14.2          7.3           0             0              1.9             5.9                 2.4           14.1                0                78.8
  6       glyoxal            14.7          0             0             0              0               0                   0             20.6                0                99.0

Abbreviations: formic acid (FA); acetic acid (AA); lactic acid (LA), hydroxymethylfurfural (HMF); levulinic acid (LevA); glyceraldehyde (glyceral); propionic acid (PA); glycolaldehyde (glycolal).

The substrate variation experiments under oxygen atmosphere ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) using the Keggin-type POM H~6~\[PV~3~Mo~9~O~40~\] showed full conversion of all substrates used within 1 h reaction time. With respect to the formic acid yield, using glyceraldehyde as a substrate showed the highest yield of 42%. Also xylose (*Y*~FA~ = 40%) showed a higher value than glucose (*Y*~FA~ = 36%). While the use of dihydroxyacetone and glycolaldehyde led to similar yields of formic acid (*Y*~FA~ = 34--35%) compared to the experiment with glucose as a substrate, the conversion of glyoxal resulted in a slightly lower formic acid yield of 29%. Interestingly, the intermediates glyceraldehyde and dihydroxyacetone also gave higher yields of acetic acid (*Y*~AA~ = 16--19%) compared to glucose and xylose, whereby using glycolaldehyde and glyoxal only resulted in formic acid formation besides CO~2~. In all blank experiments, formic acid could be detected in small amounts as well due to the heat-induced reaction pathway described in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}.

If the substrate variation was performed under nitrogen atmosphere using the Lindqvist-type POM K~5~\[V~3~W~3~O~19~\] (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), the results show a different behavior of the substrates. Again, lactic acid could be detected as the main product with yields up to 18% using glyceraldehyde or its isomer dihydroxyacetone. Interestingly, using glucose nearly gave the same amount of lactic acid (*Y*~LA~ = 17%). As expected, using the intermediates glycolaldehyde and glyoxal of the oxidative route toward formic acid (see [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) did not produce lactic acid. Here, formic acid as the main product with yields between 14 and 15% was achieved. Additionally, formation of formic acid as well as small amounts of CO~2~ in entries 1--4 could be detected. In the blank experiments without any catalyst, the different substrates could not be converted into lactic acid under nitrogen atmosphere at 160 °C. Only small amounts of formic acid, acetic acid, and levulinic acid with yields less than 5% could be detected after the reaction.

Based on these results, we decided to investigate the switchability of the catalytic activity of K~5~\[V~3~W~3~O~19~\]- and H~6~\[PV~3~Mo~9~O~40~\]-based systems using the two different substrates glucose and glyceraldehyde.

Switchability Experiments {#sec2.4}
-------------------------

Finally, we combined the results of the aforementioned studies to find a suitable switchable catalytic system at 160 °C. Using oxygen atmosphere, the conversion of glyceraldehyde with the Keggin-type POM H~6~\[PV~3~Mo~9~O~40~\] led to the highest yield of formic acid (*Y*~FA~ = 42%), whereby glucose gave 36% FA yield. Under nitrogen atmosphere, the conversion of both glucose and glyceraldehyde with the Lindqvist-type POM K~5~\[V~3~W~3~O~19~\] showed good results regarding the obtained lactic acid yield (*Y*~LA~ = 17--18%). With these two different substrates and catalysts each, we generated an experiment matrix where every combination of substrate and catalyst was tested. This matrix is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

![Experimental matrix for the investigation of the switchability of the POM catalysts K~5~\[V~3~W~3~O~19~\] and H~6~\[PV~3~Mo~9~O~40~\] using the substrates glucose and glyceraldehyde.](ao0c02430_0004){#fig4}

The results of these experiments are presented in the same matrix system in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. For both gas atmospheres, the yields of the main formed carboxylic acids (formic acid for the experiments under oxygen atmosphere and lactic acid for the experiments under nitrogen atmosphere) showed a maximum using glyceraldehyde as a substrate and the Keggin-type POM H~6~\[PV~3~Mo~9~O~40~\] as a catalyst.

![Yields of the main produced acids of the switchability experiments under oxygen (left) and nitrogen atmosphere (right). Reaction conditions: 2 mmol of substrate, 0.5 mmol of (vanadium content) H~6~\[PV~3~Mo~9~O~40~\] or K~5~\[V~3~W~3~O~19~\] catalyst, 10 g of water as solvent, 160 °C reaction temperature, 20 bar oxygen pressure (left) or nitrogen pressure (right), 1000 rpm stirrer speed, 1 h reaction time.](ao0c02430_0005){#fig5}

Comparing the yields of the formed carboxylic acids, the best switchable system could be determined. Under both atmospheres, the conversion of glyceraldehyde using the Keggin-type POM as a catalyst H~6~\[PV~3~Mo~9~O~40~\] led to the highest yields of formic acid (42%) and lactic acid (40%) (highlighted in green in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The latter was very surprising as this behavior was not expected based on neither the substrate screening nor the catalyst screening studies.

Conclusions {#sec3}
===========

In this contribution, we have successfully presented the switchability of POM-based catalytic systems concerning the formation of different carboxylic acids by simply changing the gas atmosphere from oxygen to nitrogen at 160 °C.

First, we started the investigation using the Lindqvist-type POM K~5~\[V~3~W~3~O~19~\] and glucose as a model substrate. All investigations were carried out in parallel using either an oxygen or a nitrogen atmosphere of 20 bar. After performing time-resolved experiments between 0.25 and 5 h and a temperature variation from 160 to 200 °C, we found that 160 °C and 1 h reaction time are sufficient to study the switchability of the catalytic POM-based system. Moreover, using ^51^V NMR spectroscopy revealed that the applied reaction atmosphere influences the structural rearrangement of K~5~\[V~3~W~3~O~19~\]. Thus, the composition of vanadium-containing species under aerobic reaction conditions differs from that under anaerobic conditions. In turn, the difference in the compositions may be one of the reasons for the observed atmosphere-dependent variations of catalytic activity as various vanadium-containing species exhibit dissimilar catalytic properties.

Furthermore, a catalyst and a substrate variation led to the reaction system consisting of glyceraldehyde and the Keggin-type POM H~6~\[PV~3~Mo~9~O~40~\] as the best switchable reaction system under the applied conditions.

Performing the experiments with glyceraldehyde as a substrate and H~6~\[PV~3~Mo~9~O~40~\] as a catalyst using oxygen as reaction gas, we achieved a formic acid yield of 42% within 1 h reaction time. Executing the same experiment simply changing the gas atmosphere from oxygen to nitrogen at the same temperature level, the main product changed to lactic acid with a yield of 40%. This shows interesting potential for using both Keggin-type and Lindqvist-type POMs as switchable catalysts for selective biomass conversion to platform chemicals.

Experimental Section {#sec4}
====================

Chemicals {#sec4.1}
---------

All reagents and substrates were obtained commercially and used as received without further purification. The polyoxometalate catalysts K~8~H\[P~2~W~15~V~3~O~62~\]·10 H~2~O, H~6~\[PV~3~Mo~9~O~40~\]·10 H~2~O, K~5~\[V~3~W~3~O~19~\]·8 H~2~O, (NH~4~)~5~\[V~3~W~3~O~19~\]·3 H~2~O, and H~5~\[V~3~W~3~O~19~\] were synthesized according to literature procedures (for details, see the Catalyst Synthesis and Characterization section in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02430/suppl_file/ao0c02430_si_001.pdf)). The gases oxygen 4.5 and nitrogen 5.0 were obtained by Linde AG. Demineralized water was used as a solvent.

Experimental Setup {#sec4.2}
------------------

All experiments were performed in a 10-fold screening plant with a batch-mode reactor setup. It consists of ten 20 mL autoclaves made of Hastelloy C276. All pipes, valves, and fittings were made of stainless steel 1.4571. The gaskets were made of Teflon. The autoclaves were connected in parallel to a single gas supply line via individual couplings and placed inside a heating plate to adjust the required temperature. The heating plate was equipped with a magnetic stirrer, whereby magnetic stirrer bars could be used. Additionally, each reactor was connected to a rupture disk with a burst pressure maximum of 90 bar.

Typical Work-Up Procedure {#sec4.3}
-------------------------

For each experiment, an autoclave was filled with substrate, catalyst, and water as the solvent. The used system was purged twice with more than 10 bar of oxygen or nitrogen to remove the residual air out of the reactor. In the following, the reactor was prepressurized, the stirrer was set to 300 rpm, and the heating was switched on. When the desired temperature was reached, the pressure was increased to the desired reaction pressure and the stirrer speed was set to 1000 rpm to start the gas entrainment. This moment was set as starting time of the experiment. After the total reaction time, the reactors were removed from the heating plate and cooled down in a water bath. Samples were taken from the liquid and gas phases to analyze the composition.

Analytics {#sec4.4}
---------

Characterization of the synthesized catalysts has been carried out using different analytical techniques. Elemental analysis has been done using a PerkinElmer Plasma 400 ICP-OES device. The determination of hydration water content was done by performing thermogravimetric analysis (TGA) on a Setsys 1750 CS Evolution. Solid-state Fourier transform infrared (FTIR) spectra were recorded in KBr disks on a Jasco FT/IR-4100 spectrometer. CHNS elemental analyses were performed on a UNICUBE analyzer. The synthesized catalysts were further characterized in aqueous solutions (H~2~O/D~2~O) by ^51^V NMR spectroscopy using a JEOL ECX-400 MHz spectrometer (9.4 T) at 293 K in 5 mm tubes. The ^51^V NMR spectra were measured in a range of −670 to −360 ppm with an excitation frequency of 105.12 MHz. The characterization of the POM catalysts and the analytical results are summarized in the Catalyst Synthesis and Characterization section in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02430/suppl_file/ao0c02430_si_001.pdf).

Analysis of reaction mixtures has been carried out using solid, liquid, and gaseous samples. Solid residues were characterized by FTIR and CHNS analysis using the same equipment as mentioned above. Liquid products were analyzed by means of high-performance liquid chromatography (HPLC) measurements using a high-performance liquid chromatograph from Jasco equipped with a 300 mm × 8 mm SH1011 Shodex column. As eluent, 5 mmol of an aqueous sulfuric acid solution was applied. The liquid phases were also analyzed by ^51^V NMR spectroscopy using the equipment as mentioned above. Gaseous product analysis was performed using a Varian GC 450 equipped with a 2 m × 0.75 mm ID ShinCarbon ST column.

The yields of the liquid and gaseous products were calculated by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}

The substrate conversion was calculated using the molar amount of C atoms in the reaction mixture before and after the reaction by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02430](https://pubs.acs.org/doi/10.1021/acsomega.0c02430?goto=supporting-info).Catalyst synthesis and characterization; tables with the product yields of the different variation experiments ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02430/suppl_file/ao0c02430_si_001.pdf))
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